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Investigating the Role of Reducing Agents on Mechanosynthesis 
of Au Nanoparticles 
Paulo F M de Oliveira,*a,b Adam A L Michalchuk,b Julien Marquardt,b Torvid Feiler,b Carsten Prinz,b 
Roberto M Torresi,a Pedro H C Camargo,a,c and Franziska Emmerling*b
Control over the bottom up synthesis of metal nanoparticles (NP) 
depends on many experimental factors, including the choice of 
stabilising and reducing agents. By selectively manipulating these 
species, it is possible to control NP characteristics through solution-
phase synthesis strategies. It is not known, however, whether NPs 
produced from mechanochemical syntheses are governed by the 
same rules. Using the Au NPs mechanosynthesis as a model system, 
we investigate how a series of common reducing agents affect both 
the reduction kinetics and size of Au NPs. It is shown that the 
relative effects of reducing agents on mechanochemical NPs 
synthesis differ significantly from their role in analogous solution-
phase reactions. Hence, strategies developed for control over NPs 
growth in solution are not directly transferrable to environmentally 
benign mechanochemical approaches. This work demonstrates a 
clear need for dedicated, systematic studies on NPs 
mechanosynthesis.
Introduction
Metal nanoparticles (NPs) with controlled size and shape can be 
synthesised efficiently through bottom-up (BU) approaches1–4. 
These synthesis strategies involve the chemical reduction of a 
metal precursor, typically in solution, followed by nucleation 
and growth of the NPs. Correspondingly, a reducing agent must 
be selected to drive the transformation. Moreover, BU methods 
typically require a stabilising agent to inhibit aggregation of NPs 
and overgrowth. Whereas the reducing agent affects the rate of 
chemical reduction, the stabilising agent can selectively 
promote the preferential exposure of specific surface facets in 
the produced NPs. In solution, careful selection of these two 
additives has allowed for control over NPs morphologies.5 
Highly anisotropic nanostructures have been successfully 
obtained, including rods, plates, rattles, and urchins.6–14 This 
shape control has allowed tuning of NP properties for 
applications in catalysis,9,12,13,15 optics and sensing,7,16–18 and 
biomedicine.14,19 
Mechanochemical approaches are well-known for their 
applications in metallurgical,20 mineralogical,21 and chemical 
sciences.22 Recently, BU noble metal NP syntheses have been 
also demonstrated using mechanochemical means, e.g. for Au, 
Ag, and Pd NPs.23–28 In the reported examples, common 
reducing agents such as sodium borohydride (NaBH4) and 
sodium citrate (Ctr) were used, along with polyvinylpyrrolidone 
(PVP) as a stabilizing agent. Examples are also known where 
PVP24,25 and a support material such as lignin27 or eggshell29,30 
can act as the reducing agent. NP bottom up mechanosyntheses 
(BUMS) have also been demonstrated in which the metallic 
milling assembly facilitates reduction of the metal oxidized 
species through galvanic replacement.26 With increased routes 
available for NP BUMS, elucidating the effect of reducing agent 
is of growing importance.
The mechanisms and rates of mechanochemical 
transformations are known to depend on many experimental 
parameters, including the milling device, mechanical energy 
input, milling balls, and milling ball/jar materials.31–33 Under 
select configurations, analytical and numerical models for the 
kinetics of inorganic mechanochemical transformations have 
been reported.31,32,34 These models have included general 
consideration of mixing,35,36 stress relaxation,37 and 
comminution rates.38 The rate-limiting importance of each of 
these factors is system-dependent.39–42 Moreover, in some 
cases the apparent rate may be instead limited by the chemical 
transformation itself. Understanding which factors limit the 
apparent rates in specific reaction types – for example BUMS – 
is crucial to gain control over their transformations.
To date, only a limited number of studies have attempted to 
extract meaningful kinetic constants for the preparation of 
nanoscale materials. One example is the synthesis of TlCl 
nanoparticles, where the mass-transfer coefficient was 
estimated for a solid system in an AGO-2 mill.43,44 To the best of 
our knowledge, only a single study has so far attempted to 
address the kinetics of BUMS, even at a purely qualitative level. 
In our recent work, we explored the BUMS of Au NPs using 
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tandem in situ time-resolved X-ray absorption spectroscopy and 
diffraction.45
Au NPs are technologically relevant materials with several 
applications, including in catalysis and medicine.19,46 Au NPs 
have been traditionally prepared using high temperature, 
solvent-intensive approaches.47–49 There is growing interest in 
their mechanochemical syntheses. Control of NP synthesis via 
mechanochemical routes requires the identification of suitable 
conditions for seed generation and subsequent NP growth. Both 
seed formation and growth depend critically on the reducing 
agent selected for BUMS. The effect of reducing agents on these 
processes are well known in solution.5 However, the lessons 
learned from solution-phase syntheses do not translate to 
mechanochemical conditions. Studies dedicated to gaining 
control over NP BUMS are therefore required. 
Using Au NP synthesis as a model system, the present study 
aims to better elucidate how reducing agents affect the BUMS 
of NPs. Specifically, we unravel how the role of the reducing 
agent in BUMS differs from their influence on established 
solution-phase approaches. These results can thus illustrate the 
possibility to exploit existing knowledge from solution 
chemistry to expedite the development of mechanochemical 
approaches for shape-controlled NPs.
Experimental Methods
Materials. All materials were obtained from commercial 
suppliers: AuCl (99.9 %, Sigma-Aldrich), hydroquinone (99 %, 
Acros Organics), sodium citrate dihydrate (99 %, Sigma-Aldrich), 
L-ascorbic acid (99%, Sigma-Aldrich), NaBH4 (98 %, Fischer 
Chemical) and polyvinylpyrrolidone (PVP;  10,000 g.mol-1, 𝑀𝑤
Sigma-Aldrich). In each case, the material was used as-supplied, 
without further purification. 
Mechanosynthesis. The mechanochemical synthesis of AuNPs 
was performed in a vibratory ball mill (P23, Fritsch), operating 
at 50 Hz using a single zirconia ball (ø = 10 mm, 3.0 g) and a 10 
mL PMMA jar. AuNPs were prepared by chemical reduction of 
AuCl in the presence of a reducing agent (RA) and PVP as the 
stabilising agent. The relative amounts of AuCl and RA are given 
in Table 1 for each synthesis strategy. Compositions were 
derived from the corresponding balanced redox equations (Eq. 
S8-S11, S2-S15, ESI), in which the stoichiometry is determined 
by the balance of electron transfer. For each synthesis, the total 
mass of the powder mixture (150 mg) was kept constant, 
ensuring the ball-to-mass ratio was not a contributing factor to 
relative rates of NP synthesis. Moreover, the same amount of 
PVP (100 mg) was added to each run, minimising its role in 
determining NP synthesis rates. The RAs were premilled with 
PVP to improve their dispersion in the media and reduce 
particle size effects before the addition of AuCl.
Analytical Methods. All mechanochemically prepared powders 
were analysed by ex situ powder X-ray diffraction (PXRD) 
immediately following mechanochemical treatment (see ESI 
S2.2). This ensured negligible aging of the sample between 
synthesis and analysis. PXRD were collected using a Bruker D8 
Table 1. Composition of mixtures used for mechanochemical synthesis of AuNPs. The 
Ideal Molar Ratio (IMR) based on the reduction of 1 mol of Au+, Experimental Molar Ratio 
(EMR), Mass Ratio (MWR), Mass Fraction (MWF) are given.
RA IMRa EMRb MWR AuCl MWFc RA MWFc
NaBH4 1:1/8 1:1/4 24.25 0.324 0.013
AA 1:1/2 1.1 1.32 0.190 0.144

















aStoichiometric ratio, according to equations Eq S12-S15 (ESI), to reduce one 
mol of AuI. bMolar ratio used in the experiments – in all cases the reducing 
agents were used in excess. cOverall mass fraction including PVP (100 mg) + 
AuCl + RA.
Advance (Bruker AXS GmbH, Germany) in Bragg-Brentano 
geometry using Cu K  ( ) and a Ni filter. Diffraction 𝛼 𝜆 = 1.5406 Å
data were collected over a range of 15-80° 2θ (step width 0.02° 
2θ, count time 1 s/step, total collection time 55 min). This 
elongated collection time has negligible effect on sample aging 
(see ESI SX).Where data quality was sufficient, quantitative 
Rietveld refinement was performed using FullProf Suite 3.0.0 
(details in ESI, S2.3).50 HighScorePlus suite51 (3.0e) was used to 
treat the powder diffraction data and to extract the integrated 
peak intensities.
Electron Transmission Microscopy (TEM) images were obtained 
using a Talos F200S microscope (Thermo Scientific) operating at 
200 kV. The solid samples were dispersed in isopropanol, 
deposited in Carbon-Formvar coated Cu grids and dried in air.
Results and Discussion 
The chemical reduction of AuCl under ball milling conditions 
was performed in the presence of PVP. Reducing agents (RA) 
commonly used in solution were selected for the reaction and 
include NaBH4, ascorbic acid (AA), hydroquinone (HQ) and 
sodium citrate dihydrate (Ctr), Fig. 1. 
The general chemical equation for the BUMS reactions 
explored in this work follows
AuCl + R𝐴→AuNP + R A(ox) + XCl Eq. 1
where X=H or Na from the RA. According to the standard 
electrochemical cell potentials ( , Eq. S6) and Gibbs Free ∆𝐸0𝑐𝑒𝑙𝑙
Fig. 1. AuNPs formation in ball milling conditions from the chemical reduction of AuCl 
(AuI salt) using different reducing agents (RA) – sodium borohydride (NaBH4), ascorbic 
acid (AA), hydroquinone (HQ) and sodium citrate dihydrate (Ctr) – and 
polyvinylpyrrolidone (PVP) as stabilizing agent.
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Energy ( , Eq. S7), the chemical reaction is thermodynamically ∆𝐺
favoured for all reducing agents (RA) used here (Table 1) (Table 
S2, ESI). 
In solution, it is expected that the rate of AuI reduction (Eq. 
1) decreases with the cell potential and hence the choice of 𝑅𝐴
.5,52–54  This follows from the general acceptance that, according 
to Marcus Theory, solution-phase electron-transfer reaction 
rates are guided by the redox pair potential.5,52–54  Therefore, 
the solution-phase reaction rates should follow according to  𝑅𝐴
as NaBH4 ( = + 2.311 V) > AA ( = + 1.753 V) > HQ (∆𝐸0𝑐𝑒𝑙𝑙 ∆𝐸0𝑐𝑒𝑙𝑙 ∆𝐸0𝑐𝑒𝑙𝑙
= + 1.131 V) > Ctr ( = + 0.599 V). Correspondingly, this trend ∆𝐸0𝑐𝑒𝑙𝑙
is used as a benchmark against which to explore the apparent 
rate of reaction under ball milling conditions. 
During Au NP mechanosynthesis, a multi-modal distribution 
of crystallite sizes was obtained. This led to significant distortion 
of the powder X-ray diffraction (PXRD) peak shapes. 
Correspondingly, reliable quantitative Rietveld refinements 
needed special considerations and were made difficult for these 
reactions. Moreover, we opted not to add an internal standard 
thereby avoiding inadvertent seeding of NP growth. The 
negligible scattering of PVP and the reducing agents allowed us 
to instead develop a calibration curve for quantitative 
assessment based on the Rietveld refinement of reactions using 
RA=NaBH4. The Au0 and AuCl mass fractions obtained by 
Rietveld refinement were correlated against the ratio of the 
integrated peak intensities ( ) of Au0 and AuCl (See ESI S2.4).𝐼(ℎ𝑘𝑙)
The apparent rates of NP formation during the 
mechanosynthesis for all four reducing agents (NaBH4, HQ, AA, 
and Ctr) are given in Fig. 2. Each synthesis exhibits an induction 
period, an acceleration or growth phase, and a deceleration. 
These trends are consistent with our previously reported time-
resolved in situ monitoring of a similar Au NPs 
mechanosynthesis.45 Moreover, these dominant kinetic 
features are consistent with other mechanochemical 
transformations – e.g. cocrystal and salt formation,55–58 and 
covalent bond-forming reactions59–62 – suggesting the same 
physical effects guide the apparent macroscopic rate of Au NP 
BUMS. The magnitude of the induction period depends 
markedly on the choice of RA, following as HQ < AA < NaBH4 < 
Ctr, Fig. 2. Correspondingly, the rate of Au NP 
mechanosynthesis follows the reverse order. 
From the trends displayed in Fig. 2 it becomes immediately 
apparent that the relative rates of Au NP BUMS do not mimic 
those that are known for solution-phase transformations. Most 
notably,  HQ which is a relatively mild RA in solution reaction, 
becomes the fastest BUMS reaction, such that the apparent 
BUMS rates follow as RA=HQ > AA >> NaBH4 > Ctr. NaBH4 is 
known in solution to be amongst the strongest reducing agents. 
Under BUMS conditions, NaBH4 instead exhibits only mild 
reducing power. Moreover, unlike reactions with RA=AA, HQ 
and Ctr, the reaction performed with RA=NaBH4 remains 
incomplete even after 8 h of ball milling. Ctr is a mild RA at room 
temperature in aqueous solution and generally requires heat 
for efficient reduction. In contrast Ctr does not require explicit 
heat under BUMS conditions to reduce AuI, although it is still a 
Fig. 2. Apparent rates of AuCl reduction towards Au NP formation. Reactions are shown 
for (A) RA=AA and HQ; (B) RA=Ctr (AuCl:Ctr molar ratio 1:1/3), NaBH4. The initial reaction 
compositions are shown in Table 1. Each data point corresponds to an independent run 
measured directly afterwards.  The lines correspond to the fit to Eq. S17. 
considerable weaker RA. It is evident that the conditions of 
BUMS do not reflect those of solution phase NP synthesis. We 
suggest the unique BUMS trends to stem – at least in part – from 
the varied interaction between the RA and the PVP polymer 
matrix. AA and PVP are known to form a stable solid dispersion, 
thereby readily distributing AA throughout the powder 
mixture.63 Similarly, HQ also interacts favourably with the 
organic matrix moieties.64,65 As such, intimate mixing of both AA 
and HQ throughout the powder is presumably facile. In 
contrast, the ionic character of RA Ctr and NaBH4 are not 
expected to interact strongly with organic PVP. 
Correspondingly, these RA are presumably poorly mixed in the 
reaction mixture, limiting contact formation. Correlations 
between the affinity of RA with the polymer matrix and the 
associated macroscopic kinetics deserve dedicated 
investigations.
Solution phase kinetics are dominated by ready thermally 
induced diffusion of reacting species. The mixing and collision 
terms associated with such reactions are often minimal and 
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encompassed in a semi-empirical ‘pre-exponential’ term of the 
Arrhenius equation. In ball milling transformations, however, 
the treatment becomes less obvious. It is generally accepted 
that mechanical action can adopt a variety of roles. For multi-
phase reactions, this role is typically to facilitate intimate mixing 
via comminution and mass transport. The apparent kinetic 
profile of BUMS is especially complex and at the macroscopic 








That is to say that physical contacts between the metal 
precursor and reducing agent must first be formed (A+B). This 
process itself is a convolution of macroscopic mixing and 
comminution. The chemical redox process subsequently occurs 
(A…B), followed by agglomeration/aggregation of reduced 
metal atoms (C) to form NPs (D). Owing to the inherent 
instability of individual reduced metal atoms, this general 
transformation scheme can be only monitored by detection of 
D or low of A+B. Correspondingly, the apparent rate of reaction 
is proportional to some combination of at least three macro-
elementary steps. Deconvoluting the role physical mixing ( ), 𝑘1
the chemical reaction ( ) and NP growth ( ) remains an open 𝑘2 𝑘3
question. Understanding this problem in further detail is crucial 
for garnering control of NP bottom up mechanosynthesis, 
including for size and shape control.
Owing to the complexity of unravelling the elementary 
stages of ball milling reactions, it is convenient to instead 
discuss a macroscopic (or apparent) rate constant, k’, where
𝑘′ ∝ 𝑓(𝑘1,𝑘2,𝑘3,…) Eq. 3
Such that the overall macroscopic transformation ( ) can be 𝛼
described according to a general equation,
α = 1 ― 𝑒( ― 𝑘′𝑡
𝑛) Eq. 4
A fit of the experimental data (Fig. 2) to Eq. 4 (in the form of 
Eq S17, ESI) offers a route to extract apparent macroscopic rate 
constants for the BUMS reactions. We note that given the 
limited dataset, no meaningful mechanistic information can be 
readily obtained from a fit to this generic equation (see ESI S2.5 
for discussion). However, the quality fit does confirm that Au 
BUMS follows conventional solid-state macroscopic kinetics.
As a proof of concept, and attempting to unravel the 
complexity of Eq. 4, we explored further the BUMS with RA=Ctr 
as a model system. Like all RA, Ctr is the limiting reagent in Eq. 
1. Correspondingly, we posit that increasing the mass fraction 
of Ctr should reduce the rate limiting nature of mixing (i.e. of  𝑘1
in Eq. 2). To this end, the amount of Ctr used in the Au NP BUMS 
was varied systematically. Additional to the electrochemically 
balanced ratio AuCl:Ctr 1:1/3 (twice the ideal Ctr content, Table 
1), we tested also AuCl:Ctr ratios of 1:1/2; 1:1 and 1:2 (Fig. 3). 
Based on the based on the per Au atom reduction equations 
(ESI, Eq. S12-S15), these represent 1.5-, 3- and 6-fold increases 
relative Ctr to Au ratio, respectively. 
By increasing the relative amount of Ctr, so it was the BUMS 
reaction rate successfully increased, Fig. 3. A fit of each dataset 
to Eq. 4 (fitting only the rate constant k, see ESI S2.5) suggests 
Fig. 3. Trends of AuCl reduction towards Au NPs formation using different AuCl:Ctr molar 
ratios: 1:1/3; 1:1/2; 1:1; and 1:2. Each point corresponds to an independent run 
measured immediately afterwards. The lines correspond to the fit to Eq. S17.
that the macroscopic rate constants follow as: 𝑘 ′1:1/3 = 1.05 ×
,   and 10 ―5 𝑘 ′1:1/2 = 1.46 × 10
―5 𝑘 ′1:1 = 1.76 × 10
―5 𝑘 ′1:2
, for AuCl:Ctr 1:1/3, 1:1/2, 1:1 and 1:2, = 1.97 × 10 ―5  min ―2
respectively. Although these data correspond to increases in 
the relative mass of Ctr by 50%, 100%, and again 100%, the 
accompanying increase in reaction rate follows as 40%, 20%, 
and 11%. It is therefore clear that the effect of increasing the 
quantity of the limiting reagent Ctr is asymptotic in rate, 
thereby eliminating the contribution of mixing to BUMS 
macroscopic kinetics.
Comparing macroscopic mechanochemical kinetics requires 
isolating individual reaction components where possible. 
However, although we demonstrate the suppression of mixing 
on the rate BUMS, direct comparison of the resulting curves 
remains complicated. Under these conditions, the relative 
concentrations of reagents are no longer conserved, and 
additional corrections for corresponding effects must be made. 
This further highlights the considerable complexity associated 
with investigating macroscopic ‘kinetics’ of ball milling 
transformations. 
The Au NPs obtained under each BUMS reaction conditions 
were analysed by TEM (Fig.4). Quasi-spherical nanosized Au 
particles with broad size distribution were obtained regardless 
of the RA used in the synthesis. NaBH4 (Fig.4A) and AA (Fig.4B) 
produced NPs of similar size and distribution: 10.8 ± 5.0 nm and 
11.9 ± 4.0 nm, respectively. Using HQ as RA (Fig.4C) yielded the 
largest and most irregular NPs for any of the tested RA, having a 
mean size of 17.1 ± 8.9 nm. In contrast, Ctr with a AuCl:Ctr 
molar ratio of 1:1/3 generated the smallest Au NPs (Fig 4D) with 
an overall mean size of 6.6 ± 4.8 nm. The particle size 
distribution for Ctr is more appropriately represented by two 
families of NPs with sizes of ca. 3 nm and 12 nm (Fig.S8-D, ESI). 
In the colloidal synthesis of metal NPs, the choice of metal 
salt-RA pair can influence the size, shape, and even the 
composition of product NPs the case of multimetallic 
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Fig. 4. TEM images of the AuNPs synthesized in milling conditions using the NaBH4 (A), 
AA (B), HQ (C) and Ctr (D) as reducing agents. Size distribution histograms can be found 
in ESI (Fig.S8).
systems.5,66 Strong RA –a prototypical example, NaBH4 – 
typically yield small NPs ( often < 5 nm) as a result of rapid 
reduction kinetics.5 The uncontrolled growth of these small NPs 
offers poor control over NP geometry, but provides a useful 
route for the preparation of NP seeds. Controlled NP growth 
from such seeds typically requires a mild reducing agent, such 
as Ctr, AA and HQ in solution. Slower reduction conditions allow 
for controlled atom addition thereby yielding a variety of shapes 
in proper conditions. 
These rules for RA dependent NP control have been 
established in solution. However, it is evident from the present 
work that these rules do not hold for BUMS. HQ led to fast 
reduction kinetics (Fig.2), yet produced large NPs (Fig4A). In 
contrast, Ctr exhibited very slow BUMS kinetics (Fig.2), but 
produced the smallest NPs (Fig.4D). The small NPs obtained 
with Ctr unlikely result from particle comminution. It is known 
that prolonged milling times drive NP aggregation and fusion, 
thereby increasing particle sizes.23,28 Nonetheless it is worth 
mentioning that Ctr may also participate in the 
stabilizationNPs.67
Conclusions
The bottom-up mechanosynthesis of Au NPs from AuCl was 
studied in the presence of four different reducing agents: 
NaBH4, ascorbic acid (AA), hydroquinone (HQ), and sodium 
citrate (Ctr). In solution, the relative strength (and hence rate of 
reduction) of these reducing agents typically follows as NaBH4 > 
AA > HQ > Ctr. Importantly, this trend is not reproduced when 
considering the relative effect of reducing agent on Au NP 
mechanosynthesis, instead following as HQ > AA > Ctr > NaBH4. 
NaBH4 is the strongest (hence fastest) reducing agent in 
solution. In contrast, under BUMS conditions, NaBH4 is the 
slowest reducing agent and is the only agent which does not 
lead to complete reduction of the AuCl starting material. In 
contrast, HQ exhibits only a mild (i.e. slower) reduction strength 
in solution but led to complete reduction of AuCl with only 15 
minutes under BUMS conditions. Similarly, insights from 
solution phase NP synthesis suggest that faster reduction leads 
to smaller NPs. In contrast, we demonstrate in this work that 
the speed of AuCl reduction under BUMS conditions does not 
directly correlate to the size of the resulting NPs. The slowest 
reducing agent under BUMS conditions – NaBH4 – also yields the 
smallest NPs. In contrast, the largest NPs are produced under 
BUMS conditions with the fastest reducing agent: HQ. It follows 
that the general rules developed for controlling NP synthesis in 
solution do not hold for their mechanosynthesis.
Ball milling transformations of solids are extraordinarily 
complex.  factors which influence the rates and mechanisms of 
these solid-phase reactions are counterintuitive when 
considered under the paradigm of solution chemistry. It is 
evident here that the mechanosynthesis of NPs are no 
exception. Dedicated studies must be carried out to better 
elucidate the factors which control NP synthesis under BUMS 
conditions. Only in this way can the true potential of these 
environmentally benign strategies be fully realised for 
preparation of technologically relevant controlled NP materials. 
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